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Abstract 

We discuss a D-term inflation scenario where a right-handed sneutrino can be an inflaton 
field leading to a viable inflation and leptogenesis, with a minimal form of Kahler potential. 
The decay of an inflaton sneutrino can non-thermally create large enough lepton asymmetry. 
Its entropy production is also big enough to ameliorate the gravitino problem caused by too 
high a reheating temperature from the decay of a symmetry breaking field. 

PACS: 98.80.Cq 


1 Introduction 

Supersymmetry generically predicts the existence of fundamental scalar fields and those scalar 
helds can potentially play signihcant roles in the early universe. Inflation is one of those possible 
early universe phenomena QH, and, in addition to the motivation for introducing scalar fields, 
supersymmetry is crucial to maintain the flatness of an inflaton potential by cancellation of radiative 
corrections from bosons and fermions [S]. Even with such features of supersymmetry, however, 
keeping the flatness of potential is highly non-trivial. In particular, in local supersymmerty (a.k.a. 
supergravity (SUGRA)), the scalar potential becomes, in terms of Kahler potential K and super 
potential W, 


V = e^ {WjK-y^W^ - 3\Wf) + D-terms 


( 1 ) 
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where Wi = dcj^W + WdcfnK, and {K is the inverse of the matrix For F-term inflation 

m u where F-term dominates during inflation, the second derivative of the potential becomes 
(prime denotes the derivative with respect to an argument, in this case, an inflaton held) 

V" = K"V -|- other terms (2) 

and, after canonical normalization K” = 1, 

V 

= 1 -|- other terms (3) 

So one of the slow-roll conditions \V"/V\ 1 is generically violated unless other additional terms 
of order unity turn out to be canceled out or we choose a special form of Kahler potentiaF. On 
the other hand, D-term inhation 0 0 0 cni, where D-term is responsible for the driving energy 
of inhation, is free from the above mentioned problem because the gauge invariance prohibits the 
coupling of Kahler potential to D-terms. D-term inhationary scenario is therefore an interesting 
possibility to investigate in the framework of supergravity. Moreover, from the viewpoint of particle 
phenomenology, it is intriguing to identify an inhaton held to be one of the helds which show up in 
the supersymmetric Lagrangian and are related to other supersymmetric standard model helds. We, 
in this letter, present our discussion of D-term inhation in view of the application to the right-handed 
sneutrino inhation. Among the helds in the minimal extension of supersymmetric Lagrangian with 
the see-saw mechanism m motivated from neutrino physics, right-handed (s)neutrinos are special 
for the hierarchically large masses and they can play non-trivial roles in the early universe. In 
particular, we consider a scenario, where, with a minimal form of Kahler potential, a right-handed 
sneutrino can play a role of an inhaton held and its decay after inhation can create large lepton 
asymmetry via non-thermal leptogenesis. 

Let us briehy mention the features of the D-term sneutrino inhation model we will discuss in this 
paper compared with other sneutrino inhation scenarios. Simple chaotic sneutrino inhation models 
naiisi are capable of producing the desired hat CMB spectrum with the mass of right-handed 
sneutrino Mn ~ lO^^GeV if one uses a non-minimal Kahler potential. Note that, in such a heavy 
sneutrino mass, merely reducing the Yukawa coupling to lower the reheating temperature may not 
work because the gravitational coupling can become more important to lead to a high reheating 
temperature T rsj Q ^ Is/Ml 10® GeV for ~ lO^^GeV unless the gravitational couplings are 
further suppressed. Such a model potentially suhers from the over-production of gravitinos unless 
there exists late-time entropy production to dilute the unwanted relics. Our scenario works for a 
relatively small right-handed neutrino mass, say ~ 10^®GeV, and the reheating temperature 
from sneutrino decay can be relatively low. Another possibility, besides a chaotic inflation model, 
would be a hybrid inflation model HU. A hybrid inflation model by a sneutrino inflaton held was 
proposed in the framework of F-term inhation HS], but it requires tuning or/and specihc form of 
Kahler potential to maintain the hatness of the potential, a typical problem of F-term inhation 
as discussed above (so-called r] problem). D-term inhation, however, typically suhers from a high 

^Note, however, that |Y"/K| <C 1 is not a necessary condition for producing the flat spectrum. See, for example. 
Ref. ini for a concrete supergravity inflation model with |L"/F| ^ 1- 
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reheating temperature due to the decay of a symmetry breaking held, but it is ameliorated by the 
entropy production from the decay of inhaton sneutrino as we shall discuss. 

The paper is structured as follows. In Sec. O we present our model and discuss the dynamics 
of inhation. We point out that, in D-term inhation models, the SUGRA corrections for a relatively 
large inhaton amplitude completely change the analytical expression for the cosmic perturbations 
compared with the cases of a relatively small inhaton amplitude. In Sec. OJ we describe the 
post-inhation dynamics and examine the lepton asymmetry production from the decay of inhaton 
sneutrino and argue how the reheating temperature constraint is relaxed to avoid the gravitino 
problem, followed by Conclusion in Sec. IH 


2 D-term Inflation Dynamics: Cosmic Perturbations and 
Strings 


We consider the supersymmetric model with U{1) gauge group under which the chiral superhelds 
(j)± have the charges q± = ± 1 , and the superpotential relevant for right-handed neutrinos has the 
form 




1 

2 " 


+ -M,mm + 


(4) 


Nf, La an Hu are the superhelds containing the right-handed (s)neutrino, the left-handed (s)lepton 
doublets and Higgs/Higgsino helds respectively. M* can be the Planck scale or, if this non- 
renormalizable term comes from integrating out some heavy degree of freedom, the mass of a 
heavy held. For dehniteness, we present our discussion with M* = Mq and we use the Planck units 
treating the reduced Planck scale Mq = 2.4 x lO^^GeV to be unity, hj q, is Yukawa coupling and 
i runs for 1 ~ 3 and a = e,i>, r. Right-handed neutrinos have odd R-parity which prohibits the 
cubic term {NfY (we assume R-parity is exact)^. One can always choose a basis for Nf so that 
their mass matrix is diagonal, and we take Nf to be Majorana mass eigenstate helds with real mass 
Mj. We assume, without loss of generality, the inhaton sneutrino is the lightest heavy sneutrino 
Ml -C M 2 , M 3 and we are interested in the lower range of the preferred values of heavy neutrino 
masses Mi = 10^° ~ lO^^GeV With an appropriate R transformation, the scalar components of 
Ni and can be made to be real and we consider, for simplicity, the real components. Hereafter 
Ni and (f)± denote the real parts of the complex scalar helds and multiplied by \/2 so that 
they are canonically normalized. 

D-term contribution to the scalar potential with non-vanishing Fayet-Illiopoulos (FI) term ,^(> 0. 
We can just change the roles of 4>± for < 0) reads 

VD = \gM-\4>-? + \My (5) 

^The standard D-term inflation models have the form of W D This form however leads to too big a 

Dirac mass to explain the expected small neutrino mass by the standard simple see-saw mechanism. The absence of 
such a term can be justified by, for example, assigning the same R-parity to (j)±. 

^Our inflation/leptogenesis scenario can work for an even smaller sneutrino mass as well. 
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The large amplitude of inflaton sneutrino gives a large effective mass to L and Hu and they stay at 
the origin and do not affect the inflation dynamics. 0+ has a positive mass during and after inflation 
and it stays at the origin all the time. For the discussion of inflationary dynamics, therefore, we 
discuss the evolution of Ni and 0_. 

During inflation, the mass of cj)- is 



4 


+ 


MfNf 

16 



( 6 ) 


A Ml, because we are interested in the parameter regime of M ~ 10^°GeV, so that stays at 
the origin for A'"! > during inflation and destabilizes for Ni < to reach its 

minimum at after inflation. 

The scalar potential for Ni during inflation with the other scalar helds at the origin can be 
given, for the hrst order approximation, as a sum of SUGRA potential and radiative corrections. 
SUGRA potential is 


Vsugra{Ni) = { ^M^iN^i + 


+ 


(7) 


We consider the minimal Kahler potential because one of our purposes of this section is to show 
that a successful inflationary scenario can be realized even with a simple minimal form of Kahler 
potential. The effects of non-minimal Kahler potential are discussed, for example, in Ref. jT2I for 
the sneutrino inflation and Ref. CB] for D-term inflation. 

Radiative corrections come from the mass splitting in the boson and fermion partners of (j)± due 
to SUSY breaking, and it is na 


VMN,) c. ^ In 




X‘^Nf 

4A2 


( 8 ) 


where A denotes the renormalization scale, and, in the above expression, we assumed A S> Mi and 
NfX"^ 3> which stabilizes at the origin. 

We are interested in the parameter range Mf -C so that the sneutrino potential be¬ 

comes flat enough for the flat cosmic perturbation spectrum. For this case, then the F-I term 
dominates the energy of the universe inducing the hybrid inflation ^3], and the derivatives of 
V{Ni) = Vsugra{Ni) + Vrad{Ni) can be approximated by those of K-ad(A^i) 

vm = + ( 9 ) 

where the prime denotes the derivatives with respect to the inflaton sneutrino. Inflation ends when 
Ni = Nc or when the slow-roll conditions are violated, whichever comes first. 
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The parameters can be constrained by the amplitnde of the comoving curvatnre pertnrbation 
TZc prodnced when the cosmologically interesting scales leave the horizon. Letting this epoch occnr 
when Ni = which is the value of Ni at A/" e-folds before the end of inflation, 


2^|iV,| 2irV'| 73 9 V • N.) 


( 11 ) 


where we used the standard slow-roll approximations. The observation requires TZc = 4.7 x 10“®. 
This has a potential conflict with the constraints coming from the cosmic strings which form due to 
the the tachyonic nature of at the end of inflation with the string tension ~ For the cosmic 
strings not to make too signihcant contributions to the observable cosmic perturbation spectrum, 
one requires HHiiiniEni 


y/e < 4.6 X lO^^GeV 


( 12 ) 


Let us point out that this tension between the cosmic perturbation constraints (which tend to 
require a relatively large value of and the cosmic string constraints (which tend to require a 
relatively small value of is relaxed for our model of the form W D compared with 

the standard D-term inflation of the form W D due to the different dependence of TZc on 


2.1 General Solution 


Using the standard slow-roll approximation, the equation of motion in terms of the time variable 
In a (a is a scale factor) becomes 


V{N,)^ + V\N,) = 0 (13) 

d Ina 

Note dlna = —dAf. Substituting Eq Q and V = g‘^^‘^/2, the solution for the equation of motion 
for N^, becomes 


4-hiV,^ 
4 + iV| 



(14) 


where Nf is the amplitude of iVi when inflation terminates. 

As a concrete example, let’s consider the case of Af = 55, = 4.6 x lO^^GeV, = 0.1. 

GOBE/WMAP normalization 77c ~ 4.6 x 10“^ using Eq (ITT|l leads to A = 10 Inflation terminates 
when Ni = Nc = 1.94 and the cosmologically interesting scales leave the horizon when iV* = 1.97, 
leading to the slow-roll parameters e = 1/2{V'/VY ~ 1.2 x 10“’^, r/ = V"/V ~ —4 x 10“® for the 
flat spectrum. For the parameters in this example, in order that F-I term dominates the energy 
density of the Universe, we need or Mi -C 4.3 x lO^^GeV. 

The expressions for the curvature perturbations can be simplihed for the small or large inflaton 
amplitudes, and we discuss below those approximations for the illustration purposes. 
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2.2 Special Case I: Small Inflaton Amplitude 

We now discuss the case when the sneutrino amplitude is comparable or less than Planck scale 
(more precisely, Ni < 2) while the cosmologically interesting scales leave the horizon, then the 
solution of equation of motion (Eq (^H)) can be approximated as 

- N} = (15) 

The comoving curvature perturbation produced when Ni = can be approximated as, from 
Eq dni), 






(16) 


(j)- destabilizes ending inflation when Nf = Nc which occurs before the slow-roll condition violates 
for the parameter range of our interest g\/\^ < dvr^, and Tic therefore can be approximated as, 
substituting Nf = Nc = to Eqs (I15I16|1 . 




Hence 


Tic ^ 




iVN 
P6 ^ 

TT $5/4 

Vs 


1 + 


gXM 


(17) 


for A » A, ^ 2^ 


for A <C Ac 

For A S> Ac, the curvature perturbations can be approximated as 


(18) 


7^c = 4.7 X 10-® 


9.5 X IQiSGeV 


55 


(19) 


This is incompatible with the cosmic string constraint given by Eq m- So the regime of A Ac 
would be of our interest where 


'^73 75 ^ 


( 20 ) 


At hrst sight, Eq (EOD seems to indicate that we can simultaneously satisfy both string and per¬ 
turbation amplitude constraints by lowering the value of A for a given ^ as often stated in literature. 
Lowering A for a given ^ however makes Nc = (d^f^^/A^)^/'^ larger and the above expression cannot 
be applied if Ni > 2. We consider such a large amplitude case in the following subsection. 
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2.3 Special Case II: Large Inflaton Amplitude 


We next discuss the case when the sneutrino held has a large amplitude beyond Planck scale 
Ni >2, where the contribution from Kahler potential becomes non-negligible. For a large inhaton 
amplitude, from Eq (d, the solution for the equation motion can be approximated as 


TZc then becomes, using Eq (ED, 


w 

Nf 


TZc 


2V2 e 

73 gN, 



2 V 2 e 

—exp 
a/3 gNf 



( 21 ) 


( 22 ) 


(j)- destabilizes ending inhation for Nf = N^. which occurs before the slow-roll condition is violated 
for the parameter range of our interest < 647r"^, and TZc therefore becomes 


TZc 


27r ^3/4^ 


exp 



(23) 


As we mentioned at the end of Sec. 12.21 lowering A does not help to make ^ small to circumvent 
the cosmic string constraint. Reducing the value of A increases W and consequently also the value 
of Ni relevant for inhation dynamics of our interest, making the Kahler potential contribution non- 
negligible. The same consideration applies to the standard simple D-term inhation scenarios where 
the superpotential has a form W = XS(j)-(f)+ instead of W = XSS(j)-(j)+ as discussed here uni- 


3 Dynamics after Inflation: Leptogenesis and Gravitino 
Problem 

After inhation, the potential has zero minimum for W = 0, 0+ = 0 and (j)- = y/^. The held 
oscillations around the minimum are characterized by, for the oscillation along Ni direction, the 
mass of Ni 

d^V ~ 

:(iVi = 0,0+ = 0,= Ml (24) 




and for direction 


= 


dNl 

d^V 


^Nl = a,4'+ = o,4'- = ^/^) = 2i^g'‘ 


(25) 


The mass scale Mi is related to the light neutrino masses via the see-saw mechanism. The term 
in the superpotential gives neither Dirac nor Majorana masses to neutrinos, and we 

have the standard see-saw mechanism 




')o/3 ^ ^ h-ioih' 


i0- 


{ Hu? 

Mi 


(26) 


7 













The lepton asymmetry arises from the Ni decay into lepton LHu and that into anti-lepton L*H* 

11211211122123 


r(iVi 

Cl = 




r(iVi ^L + Hu) + r(iVi ^ 


Stt (hht)n .^2^3 


L* + H* 

Mi 


(27) 


Equation (EH) can be written as, in terms of the mass of the heaviest left-handed neutrino 


ei 


3 Ml 


'^U3 ^eff 


2 X 10“® 


Ml \ 

IQiOGeV J 


\0.05evJ 


/174GeV\ 


^eff 


(28) 

(29) 


where, for the quantitative estimation of baryon asymmetry, we used the representative values of 
{Hu) ~ 174GeV and ~ 0.05 eV [211, the effective GP violating phase is 


^ Im[h(m*)h^ ]ii 
my^{hW) 


We are discussing the inflation by the lightest heavy singlet sneutrino and the lepton asymmetry 
produced by the heavier sneutrinos are washed out due to the lepton number violating processes of 
Ni in the parameter range of our interest (we will later discuss the reheating by cj)_ decay, but the 
lepton asymmetry produced there will also be washed out.). We also assume |Mi — Mj| -C iPi — Pi] 
for i = 2, 3 (P is the decay rate) for the validity of the perturbative calculation in estimating the 
baryon asymmetry^. 

After the inflation, Ni decays when its decay rate 

pi) 

a 

becomes of the same order as the expansion rate 


H 



(32) 


where the effective number of degrees of freedom ~ 230 when Ni decays at temperature Ti S> 
ITeV. = H gives 


Ti = 



(33) 


= 1.4 X 10‘“GeV 




Eg 

( 10 - 3)2 J 


(34) 


"‘We shall not discuss other special cases such as the case of the almost degenerate neutrino masses m for which 
the baryon asymmetry can be bigger than our estimates and hence the constraints on the parameters in our scenario 
can be relaxed. 

















where we assumed the Yukawa coupling is the dominant decay channel for Ni. The reheating 
temperature is constrained from the gravitino production® whose abundance is approximately pro¬ 
portional to the reheating temperature pTj 


1 ^ 3/2 

S 


1.5 X 10“^2 


IQiOGeV J 


(35) 


because they can jeopardize the successful nucleosynthesis if they decay during/after nucleosynthesis 
[2Hll2ni- The recent analysis including the hadronic decay indicates one needs Tr < 10®~^GeV for 
the 10^~®GeV mass gravitinos ETI, if one assumes no dilution of gravitinos until the nucleosynthesis. 
Note, for such a ’safely’ low reheating temperature, Mi > Ti so that the decay of Ni occurs out 
of equilibrium. The above simple estimate suggests the preferable range of Yukawa couplings for 
Ni is < 10“® for Ml ~ lO^^GeV. We will also discuss the case of the existence of late-time entropy 
productions at the end of section, as they dilute gravitinos and baryon asymmetry of the universe 
where our scenario does not necessarily require such a small Yukawa coupling. 

Using the entropy density 


s = 



the lepton number to entropy ratio becomes 


^ _ 3 ^ 

s ^ 4''Afi 


(36) 


(37) 


The sphaleron effects then convert it to baryon asymmetry 


Ub riL 

- ~ Csph — 

s s 

with Csph -8/23 jsni. The baryon asymmetry therefore becomes 


(38) 


riB 

s 


~ 1.5 X 10“^° 


lO^GeV ) 


f ^ 

V0.05eV/ 


/174GeVy 


(39) 


Unless Seff is very small, we can expect the right order of baryon asymmetry even with a relatively 
low reheating temperature. 

We also need to consider the possible effects from the decay of 0_. For a pessimistic estimation, 
where we assume the efficient thermalization of decays®, the decay rate of </>_ is 

_to ^ i ^ 

®We do not consider the non-thermal production of gravitinos because of its strong model dependence, but it 
most likely would not lead to the tighter constrains than that of the thermal gravitino production for a wide class of 
inflation models ESI- 

®We also ignore possible suppressions of the decay such as the effect of large vev of giving large masses to other 
fields coupling to (/>-, which turns out not be so strong suppressions because those effective masses are comparable 
to m0_. 
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which leads to the reheating of the universe by 0 _ decay 


4.6 X IQiSGeV 


T^- = 



1.7 X lO^^GeV 



( 41 ) 


So the decay of 0_ can potentially lead to a rather high reheating temperature to overproduce the 
gravitinos upsetting the nucleosynthesis, which is a common problem in simple D-term inflation 
models^. But noting Ni decays much later than decays, this apparent problems can be amelio¬ 
rated by considering the gravitino dilution thanks to the entropy production from inflaton sneutrino 
decay jSIlES. Depending on the parameter ranges of our model, we can consider the following 
cases. 

1) If the decay of is completed by the time when Ni starts oscillation (so that the Universe 
is radiation dominated by the decay products of 0 _ when Ni starts oscillation), the dilution factor 
due to Ni decay is 


Ai 



Ml 


VlOiOGeVy 


\ / 10^GeV \ 


Ti 




(42) 


where is the initial amplitude of Ni oscillation. 

2) We can also consider the case when is still oscillating when Ni starts oscillation®. Even 
in this case, decays much before the decay of Ni for the parameter range of our interest, and 
the dilution factor becomes 


Ai ~ 10® 


T^- \ 

IQi^GeV J 


I'lOSGeV^ 




(43) 


In both cases above, we assumed Ni oscillation (whose energy is red-shifting as the matter) domi¬ 
nates the energy of the universe when Ni decays, which is reasonable because r 0 _ 3 > Eand the 
decay products from decay are red-shifting away as radiation®. If there is an entropy dilution as 
in these cases, the reheating temperature constraints from the gravitino problem should be applied 
to T 0 _/Ai rather than to T^_ (see Eq (IHHjl i. So, for instance, if we have Ai ~ 10®, the reheating 
temperature as high as T^_ ~ 10 ^^~^®GeV can still be allowed from the (j)- decay even for the typical 
gravitino mass range 10^~®GeV, and our model can give a viable inflationary scenario. 

Of course, the reheating temperature constraint is relaxed if we make different assumptions 
on the gravitino mass ranges (e.g. stable or very heavy gravitinos). It can also be relaxed if 

^See, however, Ref. m for a possibility to reduce the reheating temperature greatly by considering the suppression 
of the decay of b- to MSSM helds. 

®If one needs to follow the dynamics of the oscillation when the amplitudes of the oscillations for both helds 
happen to be comparable, it would be more appropriate to follow the dynamics of a held consisting of the linear 
combination of these two helds. 

®We shall not discuss the possible pre-heating effects which can convert the energy of a classical held to the 
corresponding particles efficiently m The reheating temperature should be calculated by thermal processes, but 
non-thermal pre-heating effects still may affect the subsequent reheating temperature estimations. See also Ref. m 
for the estimation of the reheating temperature taking account of the detailed thermalization processes. 
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there exist additional entropy productions after Ni decay. Indeed, in existence of late-time entropy 
production, a very small Yukawa coupling is not necessarily required. The dilution of gravitinos and 
baryon asymmetry due to the late entropy production is not so unnatural considering that there 
are many flat directions in the supersymmetric held space. Those scalar helds will be displaced 
from their minimum along the hat directions due to quantum huctuations during inhation, and 
their subsequent oscillations around the minima and their consequent decays may produce the non- 
negligible amount of entropy. For example, if the late-time entropy productions give the dilution 
factor of A ~ Ti ~ 10®~^°GeV can be possible^°. We also need to check the the baryon 

asymmetry which is also diluted by such a late-time entropy production. This can be easily checked 
from Eq (j^ 


ub 

s 


~ 1.5 X 10“^° 


IQiOGeV J 


f ] 
V0.05eV/ 



174GeV 

(ffu) 


^ Csph^eff 


(44) 


which shows that our model is capable of creating a large enough baryon asymmetry of the universe 
even with late-time entropy production, relaxing the tuning of Yukawa couplings. 


4 Conclusion 

We presented a sneutrino inhation scenario where the D-term dominates the energy density of 
the universe during inhation. We showed that the addition of a simple term W D 
to the standard Majorana and Dirac mass terms W D MiN^Nf -|- NfL^Hu can realize a viable 
hybrid inhation and leptogenesis in supergravity, while keeping the standard form of see-saw formula 
to explain the small left-handed neutrino masses. The realization of inhation using a sneutrino 
held which shows up naturally in the minimal extension of supersymmetric standard model would 
be attractive from the viewpoint of particle phenomenology. In particular, leptogenesis is well 
motivated from neutrino physics as well. One of the advantages of inhation induced by a sneutrino 
is that the reheating temperature which is a crucial quantity parameterizing the amount of produced 
lepton asymmetry in leptogenesis scenarios is related to the properties of a sneutrino. So observing 
the current baryon asymmetry of the universe can be directly related to the sneutrino properties in 
contrast to other leptogenesis scenarios where inhation reheating temperature obscures the direct 
relation between the observed baryon asymmetry and neutrino properties. 
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still need Mi > O.lTi to ensure the out-of-equilibrium decay of Ni for the non-thermal leptogenesis. 
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